A thermal cycling technique \;hich allows the grain refinement of Fe-12Ni-O. 25Ti alloy from 40"-60 ~m (ASrM /JS"-6) to 0 .. 5 "' 2 um (ASTM 1. 1 15"-18) .
INTRODUCTION

1-4 Recent research in this laboratory
has shown that alloys from the Fe-Ni-Ti system (e.g., Fe-12~i-0.25Ti) can be processed to have a promising combination of strength and toughness at cryogenic temperature.
As expected, the ductile-brittle transition temperatures of these alloys tend to decrease if the effective grain size is made small. Hence a major.focus of our research has been on the design of processes which accomplish significant grain refinement.
· 5-7
Previous work established two techniques for refining the grain size of Fe-Ni alloys of moderate nickel content. Following studies by . 8 5 Grange , Porter and Dabkowski demonstrated grain refinement through a ' thermal cycling procedure which included repeated cycles of rapid austenitizing and cooling. Grain size as small as 3-5~m (mean intercept length: ASTM 1113..:14) was obtained. 6 .
• . Saul et al also observed grain refinement in maraging steels on simple repeated austenitizing (from ASTM 112 to 117 in 4 cycles). An alternate technique was used by Miller 7 , who reported ultrafine grain size (0.3-1.1 ~m; ASTM /117-19) in an Fe-Ni alloy which had been severely cold-worked. and then annealed in the two-phase (a + y) range.
Variants of both these processing techniques were used in our 2 research on the alloy Fe-12Ni-0.25Ti, and both led to alloys of exceptiona! strength and ductility at cryogenic temperature. However, both processing techniques had undesirable features. When the cyclic austenitizing process was used, the grain size seemed to stabilize at 5-10 ~m.
A further improvement in low temperature ductility might be obtainable with finer grain size. A more refined structure can be achieved with -2-mechanical working, but mechanical working is often an impractical or undesirable step in final alloy processing. We therefore sought an al-.ternate thermal treatment which would accomplish~ a grain refinement comparable to that obtainable with mechanical work..
An initial solution to this problem was reported in Ref. 2, where we showed that an Fe-12Ni-0.)5Ti alloy could be processed to a grain size near 1.0 ~m by treating it with alternate anneals iti the austenite (y) and the two-phase (a. + y) fields. The resulting .q.lloys showed exceptional ductility in fracture toughness tests at liquid nitrogen temperature (77°K). The processing sequence used was, however, complex, involving nine separate annealing steps. We have since found that this processing sequence can be simplified cbnsiderably without sacrificing the grain refinement or the low temperature ductility of the resulting alloys. The grain· refinement techniques and associated changes in low temperature mechanical properties ~re described in the following sections.
I. TECHNICAL APPROACH
The technical approach leading to the grain refinement processes used here and in Ref. 2 may be briefly described as. follows: The Fe-12Ni-0.25Ti alloy is expected to show roughly the same transformation behavior as the Fe-12Ni binary, given the small amount of Ti present and its partial consumption in scavenging interstitials. Previous research on the transformation behavior of Fe-Ni alloys in. this composition range (summarized, for example, by Floreen 9 } indicates that when the alloys are rapidly heated or cooled between room temperature and the y-field both the a.~ y and they-+ a. transformations occur primarily througha -3-diffusionless shear mechanism, while if the alloys are annealed within the two phase Ca + y) field the transformation proceeds through a diffusional nucleation and growth.process leading to an equilibrium partitioning of nickel between the two phases. Either transformation mechanism may be used for grain refinement. If a is heated to the y-field and then cooled to room temperature, a decrease in apparent grain size ·(or-martensite packet size) results, presumably to relieve the internal
6 s ra n u~ up ur1ng t e s ear trans ormat~on . if a is annealed inside the two phase region a very fine lath-like structure results, presumably from preferential y nucleation in the boundaries of the martensite 7 plates.
The fine lath-like structure obtained after two-phase anneal is, however, not a desirable structure for high toughness, and may even cause a decrease in toughness due to easy crack propagation parallel to the laths,
7
In Miller's research the stored energy of prior cold work seemed effective in destroying the preferential alignment of those laths.
It seems plausible that residual strain from a cyclic shear transformation may accomplish the same effect, particularly if the strain is allowed to accumulate through repeated cycling.
We have, therefore, investigated thermal cycling treatments of the type illustrated schematically in Fig. 1 
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On cooling, the martensite transformation begins near Given the curves in Fig. 2 (b) we can phrase a rough ~stimate of the rate of decomposition which. is useful in selecting an annealing time.
If we assume that the-dilation is a linear function of the fraction transformed and estimate the dilation on complete transformation from the total offset-in the. curves of Fig. 2 (a) , we obtain the estimated isothermal transformation curve shown in Fig. 3 .. This curve has an asymptote indieating equilibrium with slightly more than 80% Y, which agrees roughly . with an estimate based on the Fe-Ni binary phase diagram. We infer from . which we assume to be an homogenization reaction initiates along lath packet boundaries in the microstructure lB, giving·rise to the network -9-of the white regions in Fig. S(d) . Second, there is some decomposition of the aligned laths of the lB structure.
The interpretation of these features seems straightforward. On heating, the 1 high ni.ckel laths should revert to y, giving rise to the first peak in the dilatometer trace in Fig. 4(b) . At·slightly higher temperature the low Ni matrix will begin to transform, causing the discontinuity 'in the slope of the dilatometer trace in Fig. 4 We h~v~ explored the effect of adding additional 730°C/650°C cycles.
These do give an apparent additional refinement of the larger grains remaining in the microstructure, but the effect is small and has no obvious influence on cryogenic mechanical properties.
III. MECHANICAL PROPERTIES AT CRYOGENIC TEMPERATURES
The mechanical test specimens were taken from the material prepared as described in section II(a). The annealed 0.75''· (1.9 em) thick plates were cut into pieces 2.75" (7.0 em) long. These pieces were then given ~elected thermal processing. After proces~ing, one fracture toughness sp~cimen and two Charpy impact specimens were machined from each piece along the longitudinal direction of forging, ensuring the same heat treatm!nt for both tests. Tensile specimens (transverse direction) were obtained from the far end of the broken fracture toughness specimens. At 77°K all four structures showed high toughness. The results of these tests are shown in Fig. 8 . With the possible exception of sample lB, these specimens were well away from plane strain conditions; a value of KQ""l40 KSI• If; was computed from the load-crack opening displacement (COD) curves 17 . At stazes lA, lB, and 2A the alloy exhibited unstable crack propagation as marked by the dotted lines in the load -COD curves. However the fine-grained alloy 2B seemed immune to unstable crack propagation. The specimen was fully plastic, and the pre-induced crack. grew slowly in a stable manner until the test was stopped.
The post-test ;racture toughness specimens are compared to one another in Fig. 9 . The brittleness of specimens lA and lB, the repeated crack arrest in specimen 2A, and the ductility of specimen 2B are visually apparent.
The fracture surfaces were examined by scanning electron microscopy. __.
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